We present a five level atomic system in which the index of refraction of a probe laser can be enhanced or reduced below unity with vanishing absorption in the region between pairs of absorption and gain lines formed by dressing of the atoms with a control laser and RF/microwave fields. By weak incoherent pumping of population into a single metastable state, one can create several narrow amplifying resonances. At frequencies between these gain lines and additional absorption lines, there exist regions of vanishing absorption but resonantly enhanced index of refraction. In Rb vapors with density N in units of cm −3 , we predict an index of refraction up to n ≈ √ 1 + 1.2 × 10 −14 N for the D1 line, which is more than an order of magnitude larger than other proposals for index of refraction enhancement. Furthermore, the index can be readily reduced below 1 by simply changing the sign of the probe or RF field detunings. This enhancement is robust with respect to homogeneous and inhomogeneous broadening. c 2013 Optical Society of America OCIS codes: 020.1670, 270.1670.
Since the wavelength of light in a medium is λ = λ vac /n, a large refractive index will result in a reduced wavelength relative to the vacuum. A shorter wavelength, meanwhile, corresponds to enhanced imaging resolution for microscopes and other optical imaging equipment including lithography. For normal media, however, indices of refraction that differ significantly from the vacuum value of n = 1 only occur at frequencies with large absorption. This is most obvious in the vicinity of an atomic resonance where the maximum value of the real part of the linear susceptibility, ℜ[χ], occurs at a detuning from resonance equal to the line width where the imaginary part, ℑ[χ], which is proportional to the absorption, has the same magnitude.
In 1991, Scully showed that one can use quantum interference to engineer enhanced indices of refraction with simultaneously vanishing absorption [1] . The essential idea is to use destructive interference resulting from ground state coherence in Λ atoms to cancel the optical absorption near an atomic resonance. The original proposal was tested experimentally [2] and yielded a shift in the index (∆n = n − 1) for Rb vapors of ∆n = 10 −4 , about ten thousand times larger than the background value at the experimental atomic density of N = 10 12 cm −3 . A more recent proposal uses a pair of closely spaced Raman transitions to create an absorption-gain line doublet with a region of vanishing absorption but enhanced index of refraction between the lines [3] , which later yielded experimentally index shifts in Rb vapors of ∆n = 10 −6 at N = 2.4 × 10 12 cm −3 [4] . Here we show how a five level atomic system utilizing a single resonant control laser and two RF/microwave fields known as DIGS (Dressed Interacting Ground States) [5] can be used to produce not only enhanced indices of refraction but also reduced indices (0 < n < 1) in a tunable spectral region. Unlike Ref. [3] , the fields drive near resonant transitions rather than far off-resonant Raman transitions resulting in a much larger effect. In comparison to the pumped Λ system of Refs. [1, 6] , only very weak pumping to a metastable ground state (with negligible excited state population) is necessary thereby minimizing energy loss due to spontaneous emission [6] . Moreover the enhanced index persists even with significant decoherence between ground states. The predicted index shift with DIGS is up to three orders of magnitude larger than Refs. [3] and [4] and an order of magnitude larger than Refs. [1] and [2] .
A DIGS atom consists of an excited state |a coupled to two pairs of hyperfine ground states, {|b , |b ′ } and {|c , |c ′ } [5] . The ground states are driven by control RF/microwave fields of frequency ν b and ν c and associated Rabi frequencies Ω b and Ω c . |c is strongly coupled to |a by a resonant control laser of frequency ν µ and Rabi frequency Ω µ , and we consider the optical response as measured by a weak probe of frequency ν p (and Rabi frequency Ω p ) probing the |a ↔ |b transition. The Hamiltonian is
where
are the RF detunings. The probe linear susceptibility is
where N is the atomic density, ℘ ab is the dipole moment matrix element of the |a ↔ |b transition, and Ω p = 2℘ ab E p /h. Here we will work with the reduced susceptibility,χ =h
Ωp ρ ab , which is independent of the atomic density. The optical absorp-
. We solve for the density matrix coherence element ρ ab including in our equations incoherent pumping r j for levels |b and |c ′ and decay/decoherence rates γ jk = γ kj for the density matrix elements ρ jk = j|ρ|k :ρ bb ∝ r b , ρ c ′ c ′ ∝ r c ′ , andρ jk ∝ −γ jk ρ jk . We model the decoherence between the ground state subspaces {|b , |b ′ } and {|c , |c ′ } with rates
Here, for simplicity, we model an open system where all levels decay to outside states but with γ aj ≫ γ kl for k, l = a since spontaneous emission from |a is assumed to be much larger than decay from the lower states. For a weak probe Ω p ≪ γ aa and Ω c ≪ Ω µ ≤ γ aa , the population in the excited state |a is negligible with the excited state population scaling
The steady state solution of the probe susceptibility for ∆ µ = ∆ c = 0 isχ = X + − X − ,
(1)
Ωµ , and ǫ 2 = . χ depends on the steady state populations of the states |c ′ , which to lowest order in Ω c /Ω µ is given by ρ c ′ c ′ =
, and |b , ρ bb =
, as well as on the coher-
. Using the dressing angle for the dressed states formed by Ω b , tan 2θ b = Ω b /∆ b , one has P 
2 , the decoherence does not destroy the absorption nulls but rather pushes them farther from the line centers where |ℜ[χ]| is smaller. However, even at ground state decoherence rates equal to 50% of the bare probe line width γ ab , ℜ[χ] ≈ 0.22 as seen in Fig. 2(b) . Doppler broadening of δ can be eliminated if a Doppler free geometry with nearly co-propagating lasers is chosen. Nevertheless, as shown in Fig. 3 , even though Doppler broadening of δ suppresses the gain lines and dispersive structure of ℜ[χ] for σ δ > Γ, the absorption zeros still survive with enhanced nonzero ℜ[χ]. χ is much less sensitive to Doppler broadening for ∆ p alone with the absorption nulls and ℜ[χ] experiencing only a small changes up to Doppler widths of 10γ ab .
Next we allow for ∆ b = 0 and In conclusion, by adding a small amount of population to an additional ground state of 5 level atoms, one can achieve large robust enhancements to the index of refraction with vanishing absorption and negligible energy dissipation from spontaneous emission. The sign of ℜ[χ] can be changed with a change of the sign of the detuning of the probe laser or RF field. Note, however, that this does not lead to negative indices of refraction when ℜ[χ] < 0 since for n < 0 a negative magnetic permeability is also required. By contrast for −1 < ℜ[χ] < 0, one has 0 < n < 1, and for ℜ[χ] < −1 one finds n > 1 [7] .
